1. Introduction {#sec1}
===============

*Streptococcus pneumoniae* is a major cause of serious invasive infectious diseases such as pneumonia, bacteremia, and meningitis [@bib1], [@bib2], [@bib3]. WHO estimates that invasive pneumococcal infection results in an estimated 1.6 million deaths every year [@bib2]. Thus pneumococcal diseases remain to be a major global-health issue. For many years, it is well known that antiphagocytic polysaccharide capsule is the most important virulence factor of *S. pneumoniae* [@bib3]. Over the past 20 years, the importance of pneumococcal proteins for the virulence of *S. pneumoniae* has been clarified, either as mediators of inflammation or by directly attacking host tissues [@bib3], [@bib4]. Pneumococcus has a significant attenuation of virulence by mutation of the genes encoding pneumococcal virulence proteins [@bib3]. Therefore, pneumococcal virulence proteins play a crucial role in the pathogenesis of pneumococcal infections. And a comprehensive understanding of the interaction between pneumococcal virulence proteins and host cells may be helpful for the development of novel therapeutic agents against pneumococcal infections.

Pneumococcal surface protein A (PspA) was first identified by using monoclonal antibodies raised against surface determinants of *S. pneumoniae* [@bib5]. PspA is a choline-binding surface protein, and it is composed of five domains: a signal peptide, an α-helical domain, a proline-rich region, a choline-binding domain, and a C-terminal tail [@bib6]. PspA is presented on the surface of all pneumococcus, but it is highly variable. Based on the sequences of the N-terminal, PspA can be grouped into three families and can be further subdivided into six different clades [@bib7]. PspA is a lactoferrin-binding protein and *S. pneumoniae* may overcome the iron limitation through lactoferrin-PspA interaction [@bib8], it can also reduce the amount of C3b deposited onto pneumococcus and antibodies to PspA could increase complement activation and C3 deposition [@bib9]. Shaper M et al demonstrated that PspA could protect *S. pneumoniae* from killing by apolactoferrin and anti-PspA antibodies could enhance killing of pneumococcus by apolactoferrin [@bib8]. A recent study indicated that PspA contributed to secondary *S. pneumoniae* infection after influenza virus infection [@bib10]. PspA has a great potential to be an effective vaccine candidate and systemic or mucosal immunization with PspA could elicit effective protection against pneumococccal infections [@bib5], [@bib11]. The capacity of PspA to protect against pneumococcal diseases remains to be determined but will have important implications for pneumococcal vaccine development.

Monocytes are circulating blood leukocytes that are involved in the pathogenesis of inflammatory diseases. They are essential for the innate responses and subsequent acquired immune responses to pathogens [@bib12]. Activated monocytes can transduce proinflammatory signals and then generate large amounts of reactive oxygen species (ROS), complement factors, prostaglandins; nitric oxide (NO), cytokines and chemokines, and proteolytic enzymes, and these mediators play an important role in the defense against invading pathogens [@bib12], [@bib13]. Upon pneumococcus's entry into the bloodstream, invasive pneumococcal infection is likely regulated through contact with naive monocytes, resulting in the activation of monocytes and an inflammatory response and the final opsonin-dependent phagocytosis [@bib1], [@bib3]. However, few studies have investigated the inflammatory effects of the interaction between *S. pneumoniae* and monocytes.

Owing to the key roles of monocytes in innate and adaptive immunity and the importance of PspA for the virulence of *S. pneumoniae*, we have investigated the effects of PspA on pro-inflammatory parameters of human monocytes -- namely, the secretion of cytokine (IL-6) and chemokines (CXCL8, CCL2, CCL4 and CCL5). In this study, we demonstrated that PspA could modulate the function of human monocytes through -- at least in part -- the activation of intracellular nuclear factor (NF)-κB and mitogen activated protein kinases (MAPKs) pathways.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

Actinomycin D and cycloheximide were purchased from Sigma-Aldrich. IκB-α phosphorylation inhibitor BAY11-7082, extracellular signal-regulated kinase (ERK) inhibitor PD98059, c-Jun N-terminal kinase (JNK) inhibitor SP600125, p38 MAPK inhibitor SB203580, phosphatidylinositol 3-OH kinase (PI3K) inhibitor LY294002 and Janus kinase (JAK) inhibitor AG490 were purchased from Calbiochem Corp, CA, USA. SB203580 was dissolved in water while PD98059, LY294002, SP600125, AG490 and BAY11-7082 were dissolved in dimethyl sulfoxide (DMSO). In all studies, the concentration of DMSO was 0.1% (vol/vol).

2.2. Endotoxin-free solutions {#sec2.2}
-----------------------------

Cell culture medium was purchased from Gibco Invitrogen Corp, CA, USA, free of detectable LPS (\<0.1 EU/ml). All other solutions were prepared using pyrogen-free water and sterile polypropylene plasticware. No solution contained detectable LPS, as determined by the Limulus amoebocyte lyase assay (sensitivity limit 12 pg/ml; Biowhittaker Inc, MD, USA).

2.3. Pneumococcal culture supernatants and recombinant PspA {#sec2.3}
-----------------------------------------------------------

PspA-deficient (PspA-) mutant TIGR4 pneumococcus was established as described previously [@bib14]. This PspA deletion mutant was constructed with the PCR-synthesis method using marker cassettes with long flanking homology regions containing the erythromycin cassette. Northern blot analysis of PspA transcription and that of the genes upstream and downstream of PspA suggests that PspA has its own promoter and that its mutation does not have polar effects. The mutant pneumococcus were cultured in C + Y medium in 5% CO2 at 37 °C to exponential phase. After centrifugation (3000 ×  *g* for 30 min), culture supernatants were collected, filtered (0.2 μm pore), and concentrated (10-fold) (Vivaspin). Western blot confirmed the presence of PspA in TIGR4 CCS and its expected absence in the CCS derived from mutant strain TIGR4 (data not shown).

Recombinant PspA (aa 7--449; molecular weight of approximately 66 kDa) was cloned in *Escherichia coli* by polymerase chain reaction (PCR) amplification from the DNA from strain TIGR4 [@bib15], the coding sequence for PspA corresponds to the mature N-terminal region of PspA including α-helical domain and proline-rich region. The purified PspA contained a plasmid-encoded thioredoxin (TRX) and a polyhistidine(His) tag. For future protein function studies, it is necessary to remove the His tag and TRX fusion protein from the TRX-His-PspA protein because extra amino acids may elicit unwanted immune responses. After dialysis against PBS, the concentration of identified TRX-His-PspA was determined with Coomassie™ Plus-200 Protein Assay Reagent (Pierce Inc. Rockford, USA) and recombinant enterokinase was added at a 1:200 (unit/weight) ratio of protease to fusion protein. The reaction was incubated for various time durations ranging from 6 to 24 h at room temperature. After confirming successful and complete protein cleavage by 10% SDS--PAGE analysis, EKapture agarose was added to remove the residual recombinant enterokinase and the column of Ni^+^--NTA agarose resin was employed to isolate and remove the N-terminal fusion protein, TRX-His, from the target PspA recombinant protein. After confirming that the two fragments, TRX-His and PspA, were readily separated by 10% SDS--PAGE analysis, the target PspA protein was then lyophilized and stored at −20 °C until use.

2.4. CD14^+^ primary blood monocytes isolation and cell culture {#sec2.4}
---------------------------------------------------------------

Primary blood monocytes with CD14 surface marker expression were isolated from the buffy coat of heparinized blood samples donated by healthy volunteers using Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden) density gradient centrifugation. CD14^+^ monocytes were purified from these cells by magnetic-activated cell sorting (MACS) system using anti-CD14 magnetic beads (Miltenyi Biotec, Auburn, CA). Cell viability was more than 99% as measured by trypan blue exclusion assay and the purity of monocytes was 95% to 99% as verified by fluorescence-activated cell sorting (FACS) using PE-conjugated anti-CD14 antibody (Beckman Coulter, Miami, FL). Purified CD14+ monocytes were cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% FBS and 20 mM Hepes (Gibco, USA). For inhibition experiments, human monocytes were pretreated with signaling molecule inhibitors for 1 hour.

2.5. Quantitative analysis of IL-6, tumor necrosis factor (TNF)-α, IL-1β, CXCL8, CCL2, CCL3, CCL4 and CCL5 {#sec2.5}
----------------------------------------------------------------------------------------------------------

Concentrations of inflammatory cytokines IL-6, TNF-α, IL-1β and chemokines CXCL8, CCL2, CCL3, CCL4 and CCL5 in culture supernatants of human monocytes (5 − 10^5^ cells) after treatments for 12 h or 24 h were determined by ELISA kits from BD Pharmingen, CA, USA.

2.6. Flow cytometric analysis of intracellular activated phosphorylated signaling molecules {#sec2.6}
-------------------------------------------------------------------------------------------

Resting and PspA-stimulated (500 ng/ml) human monocytes (5 × 10^5^ cells) were fixed with an equal volume of pre-warmed BD Cytofix Buffer immediately after 15 min stimulation. They were then collected by centrifugation at 300  *g* for 5 min. BD Phosflow Perm Buffer III (1 ml) was added to permeabilize the cells for 30 min on ice. Cells were washed twice and resuspended with BD Pharmingen Stain Buffer. They were then incubated with mouse anti-human phospho-ERK, phospho-JNK and phospho- p38MAPK, and phosphorylated IκB-α monoclonal antibodies or mouse IgG1 isotype at 4 °C for 1 h, followed by incubation with FITC conjugated goat anti-mouse IgG1 secondary antibody (1:200) at 4 °C for 45 min in dark. After a final wash, cells were resuspended in 1% paraformaldehyde in PBS. Quantitative analysis of the expression of intracellular phosphorylated signaling molecules of 5000 viable cells in terms of mean fluorescence intensity (MFI) was performed by flow cytometry (BD FACSCalibur flow cytometer).

2.7. Western blot analysis {#sec2.7}
--------------------------

Human monocytes (5 × 10^6^ cells)were washed with ice-cold PBS, and lysed in 0.2 ml lysis buffer (20 mM Tris--HCl, pH8.0, 120 mM NaCl, 1% Triton X-100, 10 mM ethylenediaminetetraacetic acid, 1 mM ethyleneglycoltetraacetic acid, 0.05% 2-mercaptoethanol, 1× protease inhibitors). Cell debris was removed by centrifugation at 14 000 × g for 15 min, and the supernatant was quantified with CoomassieTM Plus-200 Protein Assay Reagent and then boiled in Laemmli sample buffer (Bio-Rad Laboratory, Hercules, CA) for 5 min. An equal amount of proteins was subjected to 10% SD-PAGE before blotting onto a polyvinylidene difluoride membrane (Amersham and Pharmacia Biotech). The membrane was blocked with 5% skimmed milk in Tris-buffered saline with 0.05% Tween-20, pH 7.6 for 1 h at room temperature, and probed with anti-human total or phosphorylated-ERK, anti-human total or phosphorylated-JNK, anti-human total or phosphorylated-p38 MAPK and anti-human total or phosphorylated-IκB-α monoclonal antibodies (Cell Signaling Technology Inc., Beverly, MA) at 4 °C overnight. After washing, the membrane was incubated with secondary donkey anti-rabbit antibody coupled to horseradish peroxidase (Amersham and Pharmacia Biotech) for 1 h at room temperature. Antibody--antigen complexes were then detected using an enhanced chemiluminescent (ECL) detection system according to the manufacturer's instructions (Amersham and Pharmacia Biotech). The Western blots after phosphorylated protein analysis were reprobed with antibodies against the total ERK, JNK, p38MAPK and IκB-α to demonstrate equal protein loading.

2.8. Statistical analysis {#sec2.8}
-------------------------

All data were expressed as mean ± SD. Differences between groups were assessed by one way ANOVA analysis with Bonferroni post hoc test or Student's *t*- test. A probability (*p*) \< 0.05 was considered significantly different. All analyses were performed using the Statistical Package for the Social Sciences (SPSS) statistical software for Windows, version 10.1.4 (SPSS Inc, IL, USA).

3. Results {#sec3}
==========

3.1. Effect of PspA on the secretion of IL-6, CXCL8, CCL2, CCL4 and CCL5 from human monocytes {#sec3.1}
---------------------------------------------------------------------------------------------

Using the Limulus amoebocyte lyase assay, we firstly confirmed that recombinant PspA solution was free of detectable LPS (\<0.1 EU/ml). To generate a profile of cytokine and chemokine that may be regulated by PspA, the effect of PspA on inflammatory cytokine IL-6, chemokines including CXCL8, CCL2, CCL4, and CCL5 was examined. Human monocytes (5 × 10^5^ cells) were stimulated with indicated concentrations of PspA for indicated times ([Fig. 1](#fig1){ref-type="fig"} ). Under the experimental conditions used in these experiments, cell viability was consistently \> 90%, indicating that the recombinant PspA preparations used did not induce significant death of monocytes. We found that PspA significantly induced IL-6 (A), CXCL8 (B), CCL2 (C), CCL5 (D) and CCL4 (E) secretion in comparison with control at the 12-hour and 24-hour time points, and the secretion of these mediators induced by PspA could be enhanced dose-dependently (50--1000 ng/ml) at 12 and 24 h. In addition, the maximal responses occurred at 24 h of PspA stimulation for all of these mediators. However, the secretion of other inflammatory cytokines TNF-α, IL-1β and chemokine CCL3 could not be induced by PspA from human monocytes ([Fig. 2](#fig2){ref-type="fig"} ). Besides, we found that this PspA activation could not enhance the capacity of human monocytes to internalize and clear TIGR4 pneumococcus in a direct functional test *in vitro* (data not shown).Fig. 1Kinetic secretion of IL-6 (A), CXCL8 (B), CCL2 (C), CCL5 (D), and CCL4 (E) from human monocytes activated by PspA. Monocytes (5 x10^5^ cells) were cultured with or without PspA (50--1000 ng/ml) for 12 and 24 h. Cytokine and chemokine released by monocytes were determined by ELISA. Results are expressed as the arithmetic mean ± SD from 5 independent experiments, each performed with cells isolated from 5 different donors. \**p* \< 0.05 vs. the medium control of the same time point.Fig. 2Effects of PspA on the secretion of TNF-α, IL-1β and CCL3 from human monocytes. Monocytes (5 × 10^5^ cells) were cultured with or without PspA (500 ng/ml) for 24 h. TNF-α, IL-1β and CCL3 released by monocytes were determined by ELISA. Results are expressed as the arithmetic mean ± SD from 5 independent experiments, each performed with cells isolated from 5 different donors. \**p* \< 0.05 vs. the medium control of the same time point. CTL: control medium.

To verify that the cytokine and chemokine secreted from monocytes were newly synthesized upon the stimulation of PspA, transcriptional inhibitor actinomycin D and protein synthesis inhibitor cycloheximide were used. As shown in [Fig. 3](#fig3){ref-type="fig"} , A--E, both actinomycin D (1 μM) and cycloheximide (10 μM) alone could significantly suppress the secretion of cytokine and chemokine induced by PspA, and they had no significant cell toxicity under the dose used. These results therefore indicate that PspA actually induce the secretion of newly synthesized IL-6, CXCL8, CCL2, CCL4 and CCL5 rather than the preformed ones from monocytes.Fig. 3Effects of actinomycin D and cycloheximide on the secretion of IL-6 (A), CXCL8 (B), CCL2 (C), CCL5 (D), and CCL4 (E) from human monocytes induced by PspA. Monocytes (5 × 10^5^ cells) were cultured with or without PspA (500 ng/ml) in the presence of actinomycin D (1 μM: act D) or cycloheximide (10 μM: cyclo) for 24 h. The concentrations of cytokine and chemokine were determined by ELISA. Results are expressed as the arithmetic mean ± SD from 5 independent experiments, each performed with cells isolated from 5 different donors. \**p* \< 0.05 vs. the medium control. CTL: control medium.

3.2. Modulation of IL-6, CXCL8, CCL2, CCL4 and CCL5 secretion by pneumococcal culture supernatant {#sec3.2}
-------------------------------------------------------------------------------------------------

Human monocytes were stimulated with CCS derived from strain TIGR4 or medium alone, and the secretion of cytokine and chemokine was analyzed by ELISA. As shown in [Fig. 4](#fig4){ref-type="fig"} , A--E, CCS from wild type TIGR4 treatment was associated with significant increases in the secretion of IL-6, CXCL8, CCL2, CCL4 and CCL5. However, CCS from the PspA-deficient mutant TIGR4 pneumococcus induced significantly less secretion of cytokine IL-6 and chemokines.Fig. 4Secretion of IL-6 (A), CXCL8 (B), CCL2 (C), CCL5 (D), and CCL4 (E) from human monocytes induced by pneumococcal culture supernatant. Monocytes (5 × 10^5^ cells) were stimulated with wild type (WT) or PspA- deficient (PspA-) TIGR4 CCS (500 ng/mL) or medium alone for 24 h. The concentrations of cytokine and chemokine were determined by ELISA. Results are expressed as the arithmetic mean ± SD from 5 independent experiments, each performed with cells isolated from 5 different donors. \#*p* \< 0.05 vs. WT TIGR4; \* *p* \< 0.05 vs. medium control.

3.3. Effects of signaling molecule inhibitors on cytokine and chemokine secretion induced by PspA {#sec3.3}
-------------------------------------------------------------------------------------------------

The cytotoxicities of different signaling molecule inhibitors on human monocytes were firstly determined by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. We used the optimal concentrations of AG490 (3 μM), BAY11-7082 (1 μM), LY294002 (3 μM), PD98059 (5 μM), SB203580 (10 μM), and SP600125 (3 μM) with significant inhibitory effects without any cell toxicity. As shown in [Fig. 5](#fig5){ref-type="fig"} , A--E, all BAY11-7082, PD98059, SB203580 and SP600125 could partially but significantly suppress the secretion of IL-6, CXCL8, CCL2, CCL4 and CCL5. However, AG490 and LY294002 did not exert any significant effect on cytokine and chemokine secretion induced by PspA.Fig. 5Effects of signaling molecule inhibitors on IL-6 (A), CXCL8 (B), CCL2 (C), CCL5 (D), and CCL4 (E) secretion from human monocytes activated by PspA. Monocytes (5 × 10^5^ cells) were pretreated with AG490 (3 μM: AG), BAY11-7082 (1 μM:BAY), LY294002 (3 μM: LY), PD98059 (5 μM: PD), SB203580 (10 μM: SB)), and SP600125 (3 μM: SP) for 1 h, followed by incubation with or without PspA (500 ng/ml) in the presence of inhibitors for another 24 h. The concentrations of cytokine and chemokine were determined by ELISA. Results are expressed as the arithmetic mean ± SD from 5 independent experiments, each performed with cells isolated from 5 different donors. \**p* \< 0.05 vs. monocytes without pretreatment of inhibitors. CTL: control medium.

3.4. Effects of PspA on the phosphorylation of ERK, JNK, p38 MAPK and IκB-α signaling molecules in human monocytes {#sec3.4}
------------------------------------------------------------------------------------------------------------------

Regarding the signal transduction mechanisms, we took advantage of a rapid and quantitative method. Using intracellular fluorescence staining by flow cytometry, we measured the contents of phosphorylated ERK, JNK, p38MAPK and IκB-α in permeabilized monocytes. The representative flow cytometry histograms in [Fig. 6](#fig6){ref-type="fig"} illustrated that the untreated human monocytes had a basal activity of ERK, JNK, p38 MAPK and IκB-α. However, human monocytes treated with PspA for 15 min were shown to significantly up-regulate expressions of phosphorylated ERK, JNK, p38 MAPK and IκB-α. The phosphorylation of ERK, JNK, p38 MAPK and IκB-α was highly reproducibly detectable in human monocytes on 15 min, stimulation with PspA by means of Western blot ([Fig. 7](#fig7){ref-type="fig"} ). These data further confirmed the results from inhibitor assays described above.Fig. 6Effects of PspA on the phosphorylation of intracellular ERK, JNK, p38 MAPK and IκB-α signaling molecules. Human monocytes (5 × 10^5^ cells) were incubated with or without PspA (500 ng/ml) for 15 min. The amounts of intracellular phosphorylated signaling molecules in 5000 permeabilized monocytes were measured by flow cytometry. Histograms show overlays of phosphorylated signaling molecules in medium control and PspA-stimulated monocytes and IgG1 isotypic control. A representative experiment is shown. Results of phosphorylated ERK, phosphorylated JNK, phosphorylated p38 MAPK, and phosphorylated IκB-α are also shown in MFI subtracting corresponding isotypic control and are expressed as the arithmetic mean plus SD of 5 independent experiments, each performed with cells isolated from 5 different donors. \**p* \< 0.05 vs. the medium control. CTL: control medium.Fig. 7Activation of ERK, JNK, p38 MAPK and IκB-α signaling molecules in human monocytes by PspA. Human monocytes (5 × 10^6^) were incubated with or without PspA (500 ng/ml) for 15 min. Total cellular proteins were extracted from human monocytes for the measurement of phosphorylated and total ERK, phosphorylated and total JNK, phosphorylated p38MAPK and total p38MAPK, and phosphorylated and total IκB-α by Western blot analysis. A representative experiment is shown. Identical results were obtained with cells from 5 different donors. CTL: control medium.

4. Discussion {#sec4}
=============

Human monocytes play an important role in the pathogenesis of bacterial infectious diseases [@bib12]. It has been demonstrated that monocytes are key effectors in clearing primary pneumococcal colonization [@bib16]. Since invasive pneumococcal infection is likely regulated through the contact with naive monocytes when pneumococcus enter the bloodstream, these cells are good targets of host -against- pneumococcus action through the production of cytokines and chemokines to regulate immune responses. Among the virulence proteins of *S. pneumoniae*, It is known that PspA is a surface-exposed protein and may be secreted *in viv*o [@bib17]. PspA has been known to be an important factor in the pathogenesis of invasive pneumococcal infection. Previous studies demonstrated that opaque strains showed improved survival in the bloodstream and bear more of the protective antigen PspA [@bib18]. Furthermore, Ogunniyi AD et al found that the expression of PspA was up-regulated threefold at 12 h post-infection and was 36-fold higher at 24 h post-infection [@bib19].

In this study, we stimulated human peripheral blood monocytes with recombinant PspA and have shown, for the first time, that PspA could induce the secretion of inflammatory cytokine IL-6 and chemokines including CXCL8, CCL2, CCL4 and CCL5. However, PspA could not activate human monocytes to secrete TNF-α, IL-1β and CCL3. The explanation may be that PspA can not activate their gene transcriptions and selectively regulate the induction of different cytokines and chemokines by activation of different transcription factors. Although CCS containing a variety of native components released from PspA-deficient mutant pneumococcus that did not express PspA could induce significantly more secretion of these mediators than that of control medium, the secretion of these mediators was significantly less than that of CCS from wild type pneumococcus. Since CCS from PspA-deficient mutant pneumococcus was absent of full or truncated PspA confirmed by Western blot, we can conclude that native PspA of pneumococcus is an inducer of IL-6, CXCL8, CCL2, CCL4 and CCL5. In addition, given the known polymorphic variation in PspA between different pneumococcal strains, further studies are required to explore the impact of such differences on the secretion of IL-6, CXCL8, CCL2, CCL4 and CCL5.

Of the 5 newly synthesized mediators in response to PspA, IL-6 is an inflammatory cytokine secreted from a variety of cell types including monocytes. It induces the synthesis of acute-phase proteins and regulates various immune and inflammatory responses [@bib20]. A previous study has demonstrated that IL-6 was one of the essential cytokines to induce the differentiation of IL-17-producing human Th cells [@bib21]. Since IL-17A was shown to increase pneumococcal killing by human neutrophils [@bib21], IL-6 may therefore play an important role in mediating pneumococcal immunity in humans. Among chemokines induced by PspA, CCL2 is a chemoattractant for monocytes. Beside, CCL2 can also induce the release of lysosomal enzymes, production of superoxide anions and expression of cytokines and chemokines from macrophage [@bib22]. CCL2 overexpressing mice showed an improved pneumococcal clearance and survival, and that was associated with substantially increased lung mononuclear phagocyte subset accumulations [@bib23]. CXCL8 can regulate various biological functions of neutrophils including chemotaxis, degranulation, superoxide production, and expression of adhesion molecules [@bib24]. CCL4 preferentially attracts CD4^+^T cells, and it is also involved in the activation of human granulocytes and seems to be involved in acute neutrophilic inflammation [@bib22]. CCL5 is chemotactic for T-cells, monocytes, eosinophils and basophils and plays an active role in recruiting these leukocytes into inflammatory sites [@bib22]. Taken together, these inflammatory factors induced by PspA may regulate the initiation, maintenance, and termination of inflammatory reactions in invasive pneumococcal infection.

The intracellular signaling mechanisms regulating the PspA-induced inflammatory cytokine IL-6 and chemokines (CXCL8, CCL2, CCL4, and CCL5) secretion in human monocytes are not completely understood. The signal transduction cascades are finely tuned, and they control gene expressions via phosphorylation of various protein kinases and target proteins upon various extracellular stimulations [@bib25]. To investigate the underlying molecular mechanisms, we examined the role of NF-kB and MAPKs pathways using a pharmacological approach. PspA-induced secretion of IL-6, CXCL8, CCL2, CCL4 and CCL5 was significantly decreased by IκB-α and MAP kinase inhibitors, suggesting the involvement of these pathways in pneumococcal inflammatory diseases. However, either inhibition of ERK, JNK, p38 MAPK or NF-κB pathways could partially diminish the induced secretion of these mediators by PspA. These results indicated that all the three MAPK pathways and NF-κB pathway were partly but not predominantly involved in this induction. Furthermore, differential activation of other different intracellular signaling mechanisms and/or differential regulation of various transcription factors for the secretion of cytokines and chemokines in human monocytes cannot be excluded and require further investigation.

Elevated expression of intracellular phosphorylated MAPK proteins is a hallmark for the activation of MAPK signaling pathways [@bib31]. In NF-κB signaling pathway, phosphorylation and subsequent degradation of the NF-κB inhibitor IκBα is required to allow NF-κB nuclear translocation. NF-κB is sequestered in the cytoplasm through their association with the inhibitor protein IκBα. When IκBα is phosphorylated and degraded by proteasome, free NF-κB translocates into the nucleus to regulate gene expression [@bib32]. Using intracellular staining by flow cytometry and Western blot to investigate the phosphorylation levels of signaling molecules in monocytes, we confirmed that PspA could induce the phosphorylation of ERK, JNK, p38 MAPK and IκB-α in human monocytes, suggesting that pneumococcal PspA could activate ERK, JNK, p38 MAPK and NF-kB signaling pathways. NF-κB- and MAPKs-dependent chemokine synthesis in human antigen-presented dendritic cells in response to pneumococcal proteins pneumolysin and choline binding protein A (CbpA) has also been reported [@bib26]. Therefore, the activated NF-κB and MAPKs signaling pathways are involved in pneumococcal infection. In fact, enhanced phospho-p38 MAPK expression in mononuclear cells has been investigated in severe acute respiratory syndrome [@bib27]. Therefore, a better understanding of the signaling pathways involved in invasive pneumococcal infection may be important for developing strategies to reduce the septic inflammation associated with invasive pneumococcal infection.

Previous reports have demonstrated that many different pneumococcal proteins have the capability to induce the release of pro-inflammatory mediators. For example, recombinant CbpA could induce increased secretion of CXCL8, CCL2, CXCL1, and CXCL5 and increase the expression of intercellular adhesion molecule 1 (ICAM-1) in the human alveolar epithelial cell line (A549 cell) [@bib28]. Pneumolysin can induce the expression of NO, IL-6, TNF-α and COX-2 in RAW 264.7 macrophages [@bib29]. Esterase A (EstA) of pneumococcus is an inducer of NO and TNF-α, IL-1β and IL-6 mRNA in RAW 264.7 macrophages [@bib30]. Ferreira et al recently reported that PspA is a novel inducer of IL-17 and IFN-γ, two important cytokines which are involved in protection effects against pneumococcal infection [@bib11]. However, this is the first study shown that PspA could stimulate the release of IL-6, CXCL8, CCL2, CCL4, and CCL5 from human peripheral blood monocytes via intracellular NF-κB and MAPKs signaling pathways. It is suggested that pro- and anti-inflammatory cytokines differentially regulate an *in vivo* humoral response to *S. pneumoniae* [@bib3]. In fact, a complex series of interactions among immune, epithelial and vascular system cells, as well as pneumococcal virulence factors seems to be responsible for the outcome of invasive pneumococcal infection. As one of the most important virulence factors of pneumococcus, this study on PspA provides new insight for PspA-mediated activation of monocytes via differential intracellular signaling cascades in pneumococcal infection, and the work for identifying potential recognition receptor of PspA on human monocytes is ongoing. Our present findings may also have important implications in the development of effective vaccines or other therapeutic agents against pneumococcal infection.

This work was supported by grants from National Natural Science Foundation grants of China (No. 30400376, 30471838, 30371275).

[^1]: Ju Cao and Tingmei Chen contributed equally to this work.
